ReTerologous probes for yeast H4 and H3 histone genes have been used to study the corresponding histone mRNAs in growing and starved Tetrahymena. The fraction of histone messages loaded in growing and starved cells is the same as for bulk mRNAs, and the relative concentrations of the multiple messages for H4 and H3 are the same in polysomal and total RNAs of each cell type. These observations suggest that histone synthesis in Tetrahymena is controlled largely at the level of message abundance, and that very little, if any, control occurs at the translational level.
INTRODUCTION
Histone mRNAs have been studied in a variety of organisms (see 1 for review). In most cells, histone messages are small, lack 3' poly A tails, and their expression is coordinately regulated in the cell cycle and development. Multiple primary sequence variants and multiple mRNAs for each histone have been demonstrated either within a single cell type or in different developmental stages of an organism (1-8). Where studied previously, multiple histone messages are either expressed co-ordinately as in HeLa cells (9) and yeast (10, 11) or sequentially as in developing sea urchin embryos (12) . To our knowledge, differential regulation of multiple messages within a single cell type has not been described. However, recent studies have indicated that, under certain circumstances, the synthesis of hi stone proteins is not co-ordinately regulated. H2B is preferentially synthesized over other histone proteins in heat shocked Drosophila tissue culture cells (13) and in mammalian cells a subset of the histone variants made in S phase are synthesized throughout the cell cycle (14) while a different subset appears to be synthesized in non-growing cells (15) . In these cases it has not yet been determined whether non-coordinate synthesis is due to translational controls or to differential regulation of the abundance of different histone mRNAs.
In Tetrahymena thermophila, a ciliated protozoan, the histone proteins of the transcriptionally active macronucleus and the transcriptionally inert micronucleus have been characterized (16) (17) (18) . A full complement of similar, if not identical major core histone proteins (H2A, H2B, H3 and H4) exists in both nuclei in similar amounts. Many differences between macro-and micronuclear histone proteins can be attributed to post-translational modifications such as acetylation (19) phosphorylation (20) or proteolytic processing (17) . However, Allis et al. (16) have also found quantitatively minor primary sequence variants hvl and hv2 specific to the macronucleus. In addition, the micronucleus does not contain the macronuclear HI. Instead three HI analogs (a, 6, r) appear to be associated with linker regions in micronuclear chromatin. Since the S phases of macro-and micronuclei do not coincide (21, 22) it is likely that histone synthesis for the two nuclei does not occur at the same time.
These observations indicate that the synthesis and sites of deposition of histones in Tetrahymena must be highly regulated and led us to initiate studies on the regulation of histone mRNAs in logarithmically growing (DNA synthesis) and starved (little or no DNA synthesis) Tetrahymena. In this report we describe the findings that 1) the mRNAs for Tetrahymena histones H3 and H4 are largely if not entirely polyadenylated; 2) there are multiple mRNAs and multiple genes for histone H4 and H3; 3) the abundance of different transcripts for H4 and H3 (presumably from different genes) is regulated non-coordinately in growing and starved Tetrahymena. We also present evidence that histone synthesis in growing and starved cells is regulated at the level of message abundance and that in both physiological states, the fraction of histone message loaded onto polysomes is similar to that of other poly A+ mRNAs.
MATERIALS AND METHODS Cells and Culture Conditions
Tetrahymena thertnophila (strain B-1868-VII) were grown axenically in enriched proteose peptone (23) at 28°C. Cells were starved by placing them in 10 mm Tris (pH 7.4) for a period of 18-24 hours. RNA Isolation, Northern Gels, and Dot Blots Tetrahymena RNA and polysomes were isolated according to the methods of Calzone et al. (24) . RNA for northern gels was denatured in RNA resuspension buffer (RRB; 50% formamide, 20 mM phosphate buffer (pH 6.08), 0.5 mM EDTA) and then fixed by adding an equal volume of RNA fixation buffer (RRB with 4.4 M formaldehyde). RNA was heated to 60°C for five minutes before being fractionated on formaldehyde agarose gels (1% agarose, 1 mM EDTA, 20 mM phosphate buffer (pH 6.08) and 2.2 M formaldehyde). After electrophoresis, gels (with no pretreatment) were blotted to nitrocellulose in 20 x SSPE (20 x SSPE is 20 mM Na 2 EDTA, 160 mM NaOH, 200mM NaH 2 P0 4 -H 2 0, 3.6 M NaCl). Dot blots were prepared according to procedures described by Calzone et al. (24) .
DNA Isolation
Macronuclei from T. thermophila were isolated as described by Gorovsky 
Quantitation £f_ Filters
The amount of poly A+ RNA on dot blots was quantitated by poly U hybridization as previously described (24). After hybridization with histone or poly U probes, filters were autoradiographed and densitometric scans were made of the x-ray film on an LKB soft laser densitometer. Areas were calculated using a Tektronix 4956 digitizer and these values used to calculate the relative concentrations of histone sequences in log and starved cells (Table 1) and their relative concentrations in polysomal and nonpolysomal fractions ( Table 2) .
Southern Blots and DNA Restriction Digests
Transfer of DNA from agarose gels to nitrocellulose was accomplished according to published procedures (28). DNA restriction digests were done at 37°C in 50 mM NaCl, 6 mM Tris pH 7.4, 6 mM MgCl 2 , 6 mM 6-mercaptoethanol, and 1 mg/ml BSA. Usually 1 unit of enzyme was used for every microgram of DNA.
Tetrahymena Histone Proteins
Cells were labelled for 30 minutes with °H-lysine about 24 hours after being placed in starvation media (10 mM Tris, pH 7.4). Histone proteins were isolated from nuclei and electrophoresed on two dimensional gels (triton acid urea followed by SDS) according to the methods of Allis et al. (17) . (Fig. 3) . Since no other H3 protein was synthesized and deposited ( Fig. 3) and no other H3 message was observed on polysomes during starvation (Fig. 2) , this correlation strongly implies that the 1400 b H3 message codes for hv2. A possible explanation for the existence of multiple messages coding for the same histone protein is that a precursor-product relationship exists between the different forms. To test this possibility we probed polysomal RNA with the yeast H3 and H4 sequences, reasoning that only the mature forms of the histone mRNAs would be found on polysomes. It is evident from these experiments (Fig. 2) (Table 1) . Therefore, starved cells have 30-40 fold less (one eighth to one tenth the amount of histone mRNA/unit poly A+ RNA X one quarter as much total poly A+ RNA) histone message per cell than growing cells. Since the abundance of histone mRNAs and of bulk messages can be independently regulated in log and starved cells, it seemed possible that these two message populations might also be differentially loaded onto polysomes. Calzone et al. (24) have shown that "60% of the total cellular mRNA is associated with polysomes in log cells while only 4% is loaded on polysomes in starved cells. When similar studies were performed using the yeast H3 or H4 probes, we discovered that the concentrations of histone messages in polysomal and non-polysomal RNA was similar to the value obtained for poly A+ RNA (Table 2) . Thus, the loading of H4 and H3 mRNAs onto polysomes in both growing and starved cells must parallel that of the total mRNA population. When polysomal and whole cell RNAs of both growing and starved cells are compared on northern blots, it is also clear that the Tetrahymena RNA (either total cytoplasmic RNA or poly A+ RNA) was isolated and bound to nitrocellulose filters. These filters were probed with the yeast H4 While this work was in progress there were three reports of non-coordinate regulation of histone synthesis. Wu and Bonner (14) reported that 10% of total histone synthesis was due to basal histone synthesis which took place throughout the S, G2 and Gl phases of the Chinese hamster ovary cell cycle. Basal histone synthesis was due to the preferential production of H2A variants Z and X and H3 variant 3. They also found that histone H2B and H4 participated in basal synthesis. Wu et al. (15) showed that quiescent mammalian tissue culture cells synthesize a sub-set of histone variants different from that synthesized during S or during G^ or Gg. Sanders (13) has found that histone H2B is a heat shock protein of cultured Drosophila cells. Synthesis of histone H2B was induced threefold while that of the other major histone proteins were reduced two-to tenfold. All of these studies demonstrate non-coordinate regulation of histone synthesis at the protein level. To our knowledge, we are the first to report non-coordinate regulation at the histone mRNA level. This differential regulation could be at the level of histone mRNA transcription, processing, or turnover. Studies are now in progress to discern between these possibilities.
In a number of cell types the concentration of histone messages is tightly regulated and does not always follow the general message population. In Hela S3 cells the synthesis of histone mRNA has been shown to occur during the S phase of the cell cycle (34) . Once S phase has ended, histone message becomes undetectable in the cytoplasm of the cell. In yeast the synthesis of histone message occurs immediately preceeding S phase (10) followed by rapid transport from the nucleus to the cytoplasm where it is loaded on polysomes. In yeast, as in HeLa, histone messages become undetectable in the cytoplasm after the S phase. In early sea urchin embryos, as in starved Tetrahymena, histone synthesis is not coupled to DNA synthesis. Sea urchin eggs contain large amounts of stored histone mRNA whose utilization after fertilization is under translational control. The time at which most of the histone H3 messages are loaded on polysomes occurs about 8 hours after fertilization (35); in contrast to the general message population where loading on polysomes occurs about two minutes after fertilization (36).
In Tetrahymena we have shown that the steady state concentration of histone H3 and H4 mRNAs are also regulated differently from the general message population. However, the percentage of histone messages loaded on polysomes in log and starved cells closely parallels the loading of general messages on polysomes (24). This implies that in Tetrahymena, histone synthesis is largely regulated at the level of message abundance and that very little regulatory control is exerted at the translational level. It is rather striking that there is no preferential loading of histone messages in growing cells or unloading in starved cells, even though these different physiological states require 30-fold different levels of histone mRNA. This result, coupled with similar observations for tubulin messages in growing and starved cells (Calzone and Gorovsky, manuscript in preparation) suggest that, in Tetrahymena, mechanisms for preferentially loading different mRNAs may not exist.
